Introduction
Photodynamic therapy (PDT) is emerging as a viable treatment option for many cancers. PDT is based on light-induced activation of a photosensitizer, which results in subsequent in situ production of reactive oxygen species (ROS), the latter directly destroying the cells that accumulate in the photosensitizer. 1 Despite the promising effect of PDT in the treatment of oncologic disease becoming increasingly clear, there is also growing awareness of its side effects. The long-lasting cutaneous photosensitivity after irradiation is a major side effect that severely impacts the applicability of PDT. To optimize PDT as a useful therapeutic option for malignant tumors, a number of attempts have been made to improve photosensitizer targeting by conjugating the photosensitizer to tumor-specific molecules, such as epidermal growth factor, monoclonal antibodies, carrier proteins, carbohydrates, and hydrophilic polymers. [2] [3] [4] [5] [6] Because the folate receptor is overexpressed in human epithelial cancer cells but is absent from most normal cells and because folic acid can specifically bind to the folate receptor with high affinity, 7 we previously synthesized a targeting photosensitizer, PS I, by conjugating folic acid with chlorin, an analog of meta-tetrahydroxyphenylchlorin 
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li et al (mTHPC), using polyethylene glycol (PEG) as the linker ( Figure 1A ). Human cervical carcinoma HeLa cells strongly express the folate receptor, which has been confirmed by our previous study 8 and another report; 9 therefore, the HeLa cell line was used as one of the test cell lines to investigate the targeting of PS I in our studies. We found that this new photosensitizer targeted HeLa cells much more effectively than the original, chlorin, and its water solubility was significantly improved. 8 Although many studies generally focused on the development of targeting photosensitizers have been reported, the mechanism of cell death induced by these targeting photosensitizers remains to be elucidated. It is well known that the mechanism of PDT-mediated cell death is dependent not only on the cell line but also on the properties of the photosensitizer used. 10 The primary aims of this study are to clarify the death pathway induced by PS I PDT in HeLa cells and to determine whether the structural modifications in PS I, especially the introduction of macromolecules (such as PEG) and tumor-targeting compounds (in this case, folic acid), could affect its cell death mechanism. To answer these questions, the production of ROS, 1) the changes in intracellular Ca 2+ concentration ([Ca   2+ ] i ) and mitochondrial membrane potential (MMP), 2) cytochrome c release, 3) expression levels of B cell lymphoma-2 (Bcl-2), Bcl-2 Associated X Protein (BAX), CCAAT/enhancer-binding protein (c/EBP) homologous protein (CHOP), and glucose-regulated protein (GRP78), and 4) the activation of caspase-3, -9, and -12 were investigated during the 48-hour period post-PDT in this study.
Materials and methods chemicals and antibodies
Cell culture materials were purchased from Costar (Dutscher, Brumath, France). Fetal bovine serum (FBS), penicillin, 
cell culture
The human cervical carcinoma HeLa cell line was obtained from the Chinese Academy of Sciences' Shanghai Cell Library, cultured in DMEM supplemented with 10% FBS, penicillin (100 μg/mL), and streptomycin (100 μg/mL) under 5% CO 2 at 37°C in a humidified incubator, and routinely subcultured every 3 days.
PDT protocol
The novel targeting photosensitizer I (PS I), with a maximum absorption peak at 650 nm and a purity .98% ( Figure 1B) , was synthesized in our laboratory. A stock solution (1 mg/mL) was prepared in FBS-free DMEM and stored covered in aluminum foil at 4°C. The cultured cells were incubated with the indicated concentrations of PS I for the indicated times at 37°C in the dark. Subsequently, the cells were washed with DPBS three times, and the photosensitized cells were exposed to 600-700 nm red light generated by a KDH150B red-light therapy instrument (Kedian Co, Beijing, China) to activate PS I. During irradiation, the temperature never exceeded 25°C±2°C.
cytotoxicity evaluation
Cell viability was measured using the MTT assay. HeLa cells at a density of 5×10 4 cells per well were incubated with PS I at 37°C in detachable 96-well culture plates in the dark and then exposed to red light. After incubation for 24 hours, the cells were incubated in 0.5 mg/mL MTT solution for 4 hours at 37°C, and the resulting insoluble purple formazan crystals were dissolved in DMSO. The absorbance at 492 nm was measured using a microplate reader model 450 (Bio-Rad, USA). Cell viability was proportional to the A 492 value and was expressed as a percentage of the cell viability of control cells, and the cell viability in the control group (irradiation dose was 0 J/cm 2 ) represented the dark cytotoxicity. For each concentration or irradiation dose, three trials were performed.
Detection of cytoskeletal and Dna damage
HeLa cells were inoculated in 3 cm plates at a density of 1×10 5 cells per plate. After incubation for 10 hours in 15.2 μM of PS I, cells were stained with FITC-phalloidin and DAPI, then irradiated with 18 J/cm 2 of red light. The untreated cells were used as control. Twelve hours after irradiation, cells were fixed with 4% paraformaldehyde for 10 minutes and permeabilized with 0.1% Triton X-100. After washing with DPBS, the cells were incubated in FITC-phalloidin for 60 minutes, followed by incubation in DAPI for 10 minutes. Samples were mounted under glass cover slides and observed under a laser confocal microscope (TCS SP5, Leica).
assessment of apoptosis in hela cells
HeLa cells were inoculated in 3 cm plates at a density of 5×10 5 cells per plate. At 24 hours or the indicated time post-PDT, HeLa cells were harvested and double-stained with Annexin V and PI using an Annexin V-PI apoptosis detection kit, according to the manufacturer's instructions. Stained cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences). At least 10,000 events were collected for each sample.
subcellular localization of photosensitizer
During the final 30 minutes of PS I incubation, cells were coloaded with ER-Tracker™ Blue-White DPX, MitoTracker ® Green FM, and LysoTracker ® Yellow-HCK-123 at a final concentration of 500 nM to label the endoplasmic reticulum (ER), mitochondria, and lysosomes, respectively. Doublestained cells were observed using a laser confocal microscope (TCS SP5, Leica). Organelle probes were excited using a 488 nm argon laser (MitoTracker ® and LysoTracker ® ) and a 405 nm diode laser (ER-Tracker). PS I was excited using a helium/neon laser at 488 nm. 
Quantification of intracellular ROS levels

Measurement of MMP
Briefly, PS I-treated HeLa cells were loaded with 2 μM of R123 for 30 minutes. After gentle rinsing with DPBS, stained cells were irradiated and immediately monitored via continuous confocal scanning using the same filter settings as used for H 2 DCFDA.
Measurement of intracellular ca 2+ levels
In brief, the photosensitized cells were incubated in 2 μM of Fluo-4-AM in Ca 2+ -free medium (2 mM of ethylene glycol tetraacetic acid was added to chelate any residual Ca 2+ in the medium) for 30 minutes and irradiated. The stained cells were immediately observed via continuous confocal scanning using the same filter settings as used for ROS.
Western blot assay
HeLa cells were lysed using radio-immunoprecipitation assay (RIPA) buffer 24 hours after PDT. Equivalent amounts of proteins were electrophoresed on 10% polyacrylamide gels and transferred to polyvinylidene fluoride membrane. After blocking with 5% skim milk for 1 hour, primary antibodies were bound overnight at 4°C. Each membrane was probed with horseradish peroxidase-labeled goat anti-rabbit IgG antibody for 1.5 hours. The grayscale image of each labeled protein band was analyzed using Quantity One software (version 4.4.0; Bio-Rad).
statistical analysis
The data are presented as means ± standard deviation. Student's t-test was used for statistical analysis. The difference was considered statistically significant when P,0.05. SPSS software was used.
Results
Photodynamic activity of Ps i in hela cells
The chemical structure, absorption spectrum, and high-performance liquid chromatography spectrum of PS I are shown in Figure 1A and B. As shown in Figure 1C , when the irradiation dose was zero, the viability of HeLa cells was 100%, which indicated that the dark cytotoxicity of PS I to HeLa cells was very low. Similarly, the irradiation alone (the concentration of PS I was zero) was noncytotoxic to HeLa cells. The cytotoxicity induced by PS I PDT positively correlated with the irradiation dose ( Figure 1C, blue line, R=0.962; P=0.001 ) and the concentration of PS I ( Figure 1C , red line, R=0.763; P=0.017). Meanwhile, cytotoxicity also occurred in a timedependent manner ( Figure 1D ). Cell viability was significantly reduced after 2 hours (P,0.05) and 4-48 hours (P,0.01) of incubation in 15.2 μM of PS I with PDT.
changes in F-actin and Dna structure following PDT To investigate the PDT effects induced by PS I on the cytoskeleton and DNA structure, cells were stained using FITC-PI and DAPI to visualize F-actin and DNA, respectively. In the control group (N), a network of F-actin filaments extending throughout the cell and nuclei displaying a regular, oval morphology could be observed. However, following PS I PDT, the fluorescence originating from the labeled filaments became weaker, and the nuclei became more circular and smaller (Figure 2A ), indicating that after PDT, the cytoskeleton of HeLa cells lost its F-actin structure.
apoptosis and necrosis of hela cells induced by Ps i PDT
The percentage of apoptotic and necrotic cells was quantified via Annexin V and PI double staining. Compared to the control group, the numbers of apoptotic and necrotic cells just slightly increased in both the irradiation-alone group and the PS I-without-light group, but the number significantly increased in the PTD group, especially the number of apoptotic cells ( Figure 2B ). As the post-PDT time progressed, the number of apoptotic cells clearly increased ( Figure 2C ). Meanwhile, an irradiation dose-dependent ( Figure 2D , red lines) and a concentration-dependent ( Figure 2D , blue lines) apoptotic effect was observed. The quantities of both apoptotic and necrotic cells positively correlated with the irradiation dose (apoptosis R a =0.966; necrosis R n =0.989) and the concentration of PS I (apoptosis R a =0.996; necrosis R n =0.983). However, the percentage of apoptotic cells was higher than that of necrotic cells under all conditions.
localization of Ps i in hela cells
As displayed in Figure 3 evaluation of the levels of intracellular rOs and ca
2+
The production of intracellular ROS was measured via the conversion of nonfluorescent H 2 DCFDA to fluorescent DCFDA. As illustrated in Figure 4A , the generation of ROS was time dependent, with a maximum level threefold greater than that of the control cells at 20 minutes after PDT, which then gradually decreased. However, no clear changes in the generation of ROS were observed when HeLa cells were treated with PS I or irradiation alone.
Similarly, the level of intracellular Ca 2+ rapidly increased over time in the PS I PDT group and then reached a plateau (approximately threefold greater than that in the control cells; P,0.01) at 15 minutes. However, within the tested time, irradiation treatment alone did not induce any significant changes in [Ca 2+ ] i , and incubation with PS I only induced a slight increase (P.0.05 vs normal control) ( Figure 4B ).
effect of Ps i PDT treatment on MMP
Due to leakage of the dye from the mitochondria to the cytosol, the fluorescent signals of mitochondria stained using R123 distinctly weakened over time in the PDT group ( Figure 4C) , and the intensity of the R123 signal became very faint and diffuse at 2 hours post-PDT ( Figure 4D) , indicating mitochondrial depolarization. However, the slight reduction in the fluorescence intensity of R123 over time in the other three groups may be due to self-quenching of the fluorescence ( Figure 4C ). Figure 5A and B, irradiation treatment alone or incubation in PS I without light resulted in the downregulation of Bcl-2, the upregulation of Bax, the induction of CHOP and GRP78, and the activation of caspase-12 and caspase-3; but this treatment had little effect on the release of cytochrome c and the activation of caspase-9. However, the release of cytochrome c induced by PS I PDT began as early as 1 hour post-PDT, then gradually increased and reached a peak at 8 hours after PDT (threefold greater than the level in control cells). The downregulation of Bcl-2 and the upregulation of Bax induced by PS I PDT were much stronger, which began dramatically at 2 hours after PDT and were sustained up to 48 hours after PDT. Meanwhile, the expression of caspase-12, CHOP, and GRP78, three proteins related to ER stress, was clearly detected at 1 hour post-PDT and these proteins exhibited an expression pattern of an early rise followed by a decrease. Moreover, activation of both caspase-9 and caspase-3 was apparently enhanced in the PDT group. Interestingly, the expression of caspase-9 and caspase-3 shared a similar pattern: an increase soon after PDT, which continued up to 48 hours post-PDT. However, the level of caspase-9 expression was consistently higher than the level of caspase-3 expression throughout the experiment.
Discussion
Chlorin-type photosensitizers, due to their photophysical properties, are a topic of intensive research. Although mTHPC was approved by the US Food and Drug Administration for clinical applications, it also suffers from some drawbacks, such as limited tumor targeting and unsatisfactory solubility. A new photosensitizer -PS I -prepared in our laboratory by linking an analog of mTHPC to folic acid via PEG, displayed improved tumor targeting and increased aqueous solubility compared to the precursor, chlorin. 8 The photocytotoxicity of PS I was also confirmed in the present study. Neither irradiation alone nor PS I without light was cytotoxic to HeLa cells, but PS I PDT displayed significant photocytotoxicity. This result is consistent with the changes in intracellular ROS and [Ca 2+ ]. PS I PDT could result in a rapid and significant production of ROS and an overload of intracellular Ca 2+ , but irradiation treatment alone or incubation in PS I without light could not ( Figure 4A and B) . These results indicate that the decrease in viability of HeLa cells after PDT is due to the generation of intracellular ROS and [Ca 2+ ] i overload. Because the activation of cell death pathways is largely dependent on the photosensitizer characteristics, oxygen concentration, and intensity of light, as well as the cell type, the definitive cell death mechanisms induced by PDT have not been fully elucidated.
12 mTHPC was reported to be primarily localized to the membranes of the ER and the Golgi apparatus, and apoptosis has been reported as the principal mode of cell death mediated by mTHPC PDT. 13, 14 However, in this study, PS I was found to primarily reside in the mitochondria as well as the ER after endocytosis. Apoptosis remained the principal mode of HeLa cell death induced by PS I PDT, and cytotoxicity occurred in a manner dependent on concentration, irradiation dose, and time. Because of their size, macromolecular conjugates have been reported to be capable of being absorbed into cells only via endocytosis. 15 In this case, except for passive 
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li et al endocytosis, there was likely active endocytosis mediated by the folate receptor. 8, 16 It is reasonable that the lipophilic photosensitizer tends to accumulate in membrane organelles such as mitochondria or lysosomes. On the other hand, other reports indicate that the aggregation state of intracellular photosensitizers affects their localization, with more aggregationprone species tending toward lysosomal localization. 17 Due to the amphiphilicity of the PEG linker, a clear decrease in the aggregation of PS I has been observed previously. 8 Therefore, we hypothesize that PEGylation leads PS I to localize more at the mitochondria and the ER than at the lysosomes.
The fact that PS I was primarily localized at the mitochondria and the ER prompted us to further examine mitochondrial and ER stress-associated apoptosis. There is increasing evidence that mitochondria play a critical role in the apoptotic cascade, and the release of cytochrome c from the mitochondria into the cytosol is a hallmark of cells undergoing apoptosis. 18 In the present study, a rapid loss of MMP was observed after PDT, which was followed by the time-dependent release of cytochrome c. The opening of mitochondrial membrane permeability transition pores, which results in the dissipation of the MMP, has been proposed as the principal mechanism for the release of cytochrome c. 19 Accumulating evidence suggests that Bcl-2, residing in the mitochondrial outer membrane and the ER membrane, performs the unique functional role of antiapoptosis via stabilization of the mitochondrial membrane. 20, 21 PS I PDT induced an almost twofold and time-dependent downregulation in Bcl-2 protein expression and a marked increase in the expression of Bax, a proapoptotic protein. During apoptosis, Bax oligomerizes in the mitochondrial outer membrane and likely disrupts its integrity, freeing proapoptotic proteins such as cytochrome c, which allows for activation of caspase-9. 22 Otherwise, intracellular Ca 2+ overload attracted our attention. Intracellular Ca 2+ overload may be due to the influx of extracellular Ca 2+ or the release of Ca 2+ from different intracellular stores (eg, the ER, the primary intracellular Ca 2+ store) following photoinduced injury. 9 ER stress-induced apoptotic cell death represents a novel mitochondrial-independent intrinsic apoptotic pathway. 23, 24 To specify the effect of ER stress on HeLa cell apoptosis induced by PS I PDT, the expression levels of caspase-12, CHOP, and GRP78 were monitored via Western blot analysis. Caspase-12 is an important caspase involved in ER-induced apoptosis. 25 CHOP is an ER-stress-inducible transcription factor and is considered a major trigger of ER-stress-induced apoptosis by reducing the expression of Bcl-2.
26 GRP78 is an ER chaperone and a key regulator of ER stress response signaling 27 In our study, the activation of caspase-12 and the induction of CHOP and GRP78 shared the same response pattern, namely, an early increase followed by a decrease, as oxidative stress is induced by PS I PDT. Additionally, as CHOP was induced, the level of Bcl-2 expression was reduced following PDT ( Figure 5A and B). All of these results probably reflect the initiation of the ER-stress-specific caspase cascade of apoptosis. Interestingly, although both irradiation treatment alone and incubation in PS I without light could not induce the generation of ROS or [Ca 2+ ] i overload, they induced the ER stress response to some extent through the activation of caspase-12 and the induction of CHOP and GRP78.
Activation of both caspase-9 and caspase-3 were observed soon after PDT, suggesting that PS I PDT may induce apoptotic cell death via a caspase-dependent pathway. However, it is worth noting that the level of caspase-9 expression was consistently higher than that of caspase-3 throughout our experiments ( Figure 5A and B). It is well known that caspase-9 is an initiator caspase of apoptosis and can be activated by mitochondrial events and ER stress, 28 but caspase-3 is a downstream substrate of caspase-9 and a key player in the execution phase of apoptosis. Thus, the activation of caspase-9 should induce the activation of caspase-3. Therefore, we hypothesize that the difference in expression of caspase-9 and caspase-3 could be due to the induction of GRP78, as some reports have indicated that overexpression of GRP78 could reduce apoptosis and mitigate cytosolic Ca 2+ overload induced by ER stressors in some cell types. 29 
Conclusion
In summary, after active endocytosis mediated by the folate receptor, PS I is principally localized at the mitochondria and the ER of HeLa cells. Apoptosis is the primarily preferred mechanism of HeLa cell death in our system. The rapid generation of ROS in HeLa cells following PDT provoked mitochondrial damage and ER stress, which, in turn, activated the intrinsic apoptotic pathway. Specifically, compared to mTHPC, after the structural modifications reported by our research group, the mitochondria became the primary site of PS I localization and the targeting of PS I for folate receptor-positive cells was obviously improved; however, the cell death mode induced by PS I PDT was similar to that induced by mTHPC PDT.
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